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Capture coefficients were measured for nitrogen, carbon dioxide
and argon as a function of gas flow time in order to determine whether
a bare surface effect existed. The effect was observed only with 300°K
nitrogen on a 20°K and 24°K cryopanel and with 300°K carbon dioxide on
an 82°K cryopanel. Cryopanel temperature was determined to be the only
parameter influencing the bare surface effect. Capture coefficient
values were representative of those reported in the literature and their
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A bare surface phenomenon in cryopumping experiments has been
reported by several investigators, (1,6,17,20), while one investigator
(5) reported that no such phenomenon occurred under equivalent condi-
tions. This is a transient condition that takes place when a clean
cryosurface is initially cryogenically cooled. As time increases, the
pumping rate increases noticeably, then steadies to a constant rate. It
is the purpose of this work to ascertain the existance of the bare sur-
face effect, at least for three common gases: nitrogen, carbon dioxide
and argon. In order to achieve these results, the capture coefficients
of these gases must be determined as a function of time. Hence, as a
secondary purpose, the values of the capture coefficients may be com-
pared with those presently published in the literature.
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2. Cryogenic Pumping.
With the advent of the space age, the need for ultrahigh vacuum
systems has arisen in order that simulation of the conditions to be met
by vehicles in outer space may be achieved. When the extremely high
cost of accomplishing a space mission and the tremendous complexity of
the equipment carried are considered, it becomes very evident that pre-
liminary research under conditions encountered in the space environment
are necessary. In order to simulate the outer space environment in the
-8 -13
laboratory, ultrahigh vacuums of the order 10 torr to 10 torr are
required.
Among the important parameters necessary to design an ultrahigh
vacuum system are the expected gas load and the operating pressure.
Space simulation systems require extremely large volumes and generate
appreciable gas loads, thus requiring systems capable of high pumping
speeds and low pressures. The use of mechanical and diffusion pumps
alone becomes prohibitively expensive due to the large sizes required
to achieve high pumping speeds.
Cryogenic pumping, referred to in the literature as cryopumping,
is a process where gas in a vacuum chamber is subjected to a surface
cold enough to freeze gas molecules on contact. As sufficient gas
molecules are trapped, the pressure of the system is decreased. The
gases condense as long as their partial pressures are higher than the
equilibrium vapor pressure at the temperature of the condensing surface.
Liquified gases, such as helium, nitrogen and hydrogen provide a con-
venient means of obtaining the cold surface required. Helium has been
used by most investigators due to the relative safety involved, and the
fact that it will cryopump all other gases.
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In order to predict the ability of a cold surface to condense gases,
a dimensionless parameter known as the capture coefficient has been
introduced, which is generally defined as the probability that a gas mole-
cule will condense on a cold surface in its first collision with that
surface. The only analytical work done in the area of solid-gas inter-
face reactions has been by Lennard-Jones in 1936, by the methods of
quantum mechanics (15). However, due to the difficulties involved in
solving the equations, there still remains a lack of understanding of
the solid-gas interface phenomenon. Therefore, the requirement for the
surface area of a cryopump in an engineering application cannot be as-
certained unless the capture coefficient of that gas has already been
experimentally determined.
In order to recognize the advantages and limitations of cryopump-
ing, Figure 1 has been included. The vapor pressure of a solified gas,
as a function of absolute temperature, may be described by
log
1Q
P = A - B/T (2.1)
where A and B are constants, and T is the Kelvin temperature (2). With
a gaseous helium refrigerator, the cryopanel can be maintained at approxi-
mately 20°K or slightly lower. Therefore neon, hydrogen, and helium (not
included in Figure 1) could not be pumped and are generally referred to
as noncondensables. Since these three gases usually represent only a
small fraction of the total load in an engineering application, the 20°K
temperature has been accepted as a practical operating point. However,
if these noncondensables must be pumped, it has been found more advanta-
geous to augment the vacuum system with an auxiliary cryosorption array
(11). Another limitation of the cryopump is the buildup of condensate on
the cold surface. As this layer increases in thickness, the temperature
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at the outer surface increases thus increasing the number of nonconden-
sable gases in the system.
These limitations may be effectively reduced by utilizing a mechani-
cal pump and oil diffusion pump to increase the vacuum as much as possible
prior to cooling the cryopump. This allows a much smaller buildup of
condensate to take place and decreases the number of warmup periods re-
quired. In addition, the diffusion pump will reduce the partial pressures
of noncondensable gases.
16
3. Theoretical Development of the Capture Coefficient.
Although various investigators have defined the capture coefficient
in a number of ways, the simplest to develop in terms of experimental
parameters is that of Dawson and Haygood (9) . The treatment in this
work is general and follows closely that of the above investigators.
The capture coefficient is defined as the ratio of the actual number
of molecules captured by a cold surface to the theoretical maximum number
of molecules which could be captured. The actual number of molecules
captured by the cryosurface is thus defined as the experimental pumping
speed. V , and the theoretical maximum number of molecules which may ber exp
captured is defined as the theoretical pumping speed, V , . Therefore
the capture coefficient is
/ = -^S£- (3.1)
As the pressure decreases in a vacuum system, the frequency of inter-
molecular collisions decreases to a very low rate and results in a long
mean free path. Therefore molecular collisions with the chamber walls
occur more frequently. This general area is known as the free molecular
region as contrasted to the continuum region at atmospheric pressure. In
the free molecular region, condensation and evaporation phenomenon may
be derived mathematically through the use of kinetic theory to advantage.
Since several basic concepts will be utilized later, they are presented
here for reference.
a. Average Molecular Velocity.
The Maxwell -Bo Itzmann velocity distribution function is
defined as the fractional number of molecules in the velocity range from















where k Boltzmann constant, ergs/°K.
T absolute temperature, °K.
m mass of one molecule, grams,
b. Pressure.
The pressure within a chamber is
_2
P= ~ n rn v = H AT (3.4)
-3
where n number of molecules per unit volume, cm
c. Ideal Gas Law.
The ideal gas law may be derived directly from (3.4) and
expressed as
PV = NUT (3.5)
-3
where V volume, cm
N total number of molecules.
d. Number of Molecules Incident on a Surface.
The number of molecules incident on a surface per unit
time is
A/= -4- A yv (3.6)
where N
A




Substitution of (3.3) and (3.4) into (3.6) yields
PA
( Z 7T >n ± T) /z
e. Thermal Transpiration.
The interrelationship between pressure and temperature of
a particular gas system in the free molecular region is called thermal




For example, when two volumes are separated by a flow conductance, such
as an aperature, the thermal transpiration effect is given by
P P
-p= - -£= (3.8)
This relationship is also applicable to pressure gages when they are
used at a temperature different from the calibration temperature.
f. Theoretical Pumping Speed.
The theoretical pumping speed was defined as the maximum
number of molecules which may be captured by the cold surface per unit
time. If every molecule that strikes the surface sticks, then the theo-





where V volume per unit time, cm sec
Solving (3.5) for V and taking the time derivative yields
V = -p (3.10)







Since k R /NA and m ~ M/NA
where R universal gas constant, erg/gm-mole°K
N. Avogadro's number, (gra-mole)
A
M = molecular weight, gm/gm-mole,
the theoretical specific pumping speed may be expressed as
s =
RT
Z TT h (3.12)




where the subscript "g" refers to the gas and "s" to the cryosurface.
g. Experimental Pumping Speed.
The experimental pumping speed may be developed by utiliz-






where the subscript "L" refers to conditions at the controlled leak.
The left-hand side of the equation represents the rate of flow of gas
into the system and the right-hand side the total number of moles of
gas condensed per second. If an equilibrium pressure P is reached in
the system, P is zero and
The gas throughput rate Q may be defined as
Li
(3.15)
Qu - R V. (3.16)
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exists between the gas and solid phases. This is the situation in the
experimental apparatus.




and the rate of evaporation of the solid phase is
Mm. = /* % r^TTZ (3.22):/ A R A
a
where the subscript "g" refers to the gas and "s" to the condensate sur-
face. The parameters f and f are the condensation and evaporation co-
efficients respectively, and are defined as the ratio of actual molecular
flux to the theoretical molecular flux. Hence f is essentially a cryo-
g
pumping efficiency. Again, at the equilibrium condition, the condensa-
tion and evaporation rates are equal and the relationship between phases
is
£ pj = ^ s (3 _ 23)
Note that there will be a net transfer of energy but no mass transfer.
When a transient system is considered, where a stream of gas is ad-
mitted to the system while the cryosurface is simultaneously pumping,
equilibrium may again be achieved at some chamber pressure P . The
actual capture rate of molecules on the cold surface is the difference
between the condensation and evaporation rates
A/ = J* 3. A» ^5 t±—QL_ (3 04)/V
«" (jtZ iT> (air* It T.)* ( ' 24>
where P is the equilibrium chamber pressure with the gas flow on and
P is the vapor pressure of the solid phase. The theoretical incidence
s
rate of molecules on the cold surface is given by (3.7) as
22
Mn =
Pe A S (3.25)











where P is the pressure in the chamber with no gas flow and P is the
g e
equilibrium pressure with flow. Equation (3.28) is the desired relation-
ship between the capture and condensation coefficients.
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4. Experimental Determination of the Bare Surface Effect.
4.1 Experimental Technique.
To determine the existence of a bare surface effect, the capture
coefficient must be determined as a function of time. Hence the basic
consideration is to calculate a capture coefficient sequentially for a
large number of runs while allowing the condensate to build up. One
investigator reported the duration of the effect to be about 25 minutes
(20) . In order to determine whether other parameters may influence the
bare surface effect, the flow rate, cryosurface temperature and gas tempera-
ture must be varied.
A schematic of the experimental system is shown in Figure 2, and a
detailed description is contained in Appendix A. The system consists of
a vacuum chamber with a cylindrical center section shield and two disc
end shields. The cryopanel is suspended from the top of the chamber and
has fill and vent lines to the outside. A high vacuum gate valve separates
the chamber from the diffusion pump and the latter is backed by a large
mechanical forepump. The test gas is introduced through the front shield
and the line has an optical baffle installed to prevent streaming. For
convenience all valves are air operated and arranged with the instrumenta-
tion at a console.
Figure 3 is an example of a plot of pressure versus time that would
be obtained during an experimental run if only condensable gases were
present. At time t. , the controlled leak is open to the chamber and the
system is at equilibrium with the diffusion pump and cryosurface pumping.
At time t_, the chamber is isolated from the diffusion pump by an air
operated gate valve. With the same in-flow of gas, a surge takes place
until the cryopump can restore equilibrium at some pressure P . At time
e
t„, the controlled leak is secured by an air operated gate valve and a
24
pressure drop occurs. A new equilibrium pressure Pg
will be reached
with no gas flow into the chamber. Measurement of AP » P - P iso eg
critical and will be developed in section 4.3.
The above technique will determine the capture coefficient of the
gas under investigation. By recording the time at the measurement of
& P and making a sequence of runs, a plot of capture coefficient versus
time can be constructed.
The experiments were designed to examine nitrogen, carbon dioxide,
and argon, since the bare surface effect was observed with these gases.
Also capture coefficient data was available for comparison as a second-
ary objective. Since Sevan's work (3) with nitrogen showed the depend-
ence of capture coefficients on flow rate, it was decided to examine the
three gases at two flow rates which had magnitudes significantly different,
and would be comparable to the few flow rates reported in the literature.
The values chosen were 0.2 torr liter/sec and 3 x 10 torr liter/sec.
In order to determine more criteria for the bare surface effect, it was
decided to make several runs with carbon dioxide at a liquid nitrogen
panel temperature of 77 °K. Argon was not considered since its fusion
temperature of 84° K was so close to liqpfd nitrogen temperature. Any
small increase in the panel temperature would cause the condensed argon
to evaporate and pressure bursts Jrould occur in the system rendering the
recording equipment useless.
Before each experiment, the system was allowed to pump to a base
pressure which generally was 5 x 10 torr with the cryopanel at room
temperature. Upon eoolfng the cryopanel, the pressure was reduced to
-8
2 x 10 tort, hence a minute amount of condensate was present at the
start of each experiment. It is considered that this extremely small
amount of condensate had negligible effect on the results of the
25
experiments.
In order that conditions would be the same for every determination
of the capture coefficient in each experiment a routine was established.
Prior to each determination, the ionization gage was degassed for a
period of 45 seconds, then zeroed and checked at full scale for ion
current. This insured a calibrated gage at all times. During each deter-
mination, the 19 thermocouples were recorded on the printer to insure
constant temperatures at the cryopanel and to observe the gas tempera-
ture at the shields. The ideal situation for the experiments would
have been to obtain instantaneous capture coefficients with a continuous
gas flow. However, since the method of measuring AP requires stopping
the gas flow, this could not be done. Hence the actual time for each
experiment was approximately two hours while the actual gas flow time was
of the order of 25 to 45 minutes. In each case data was taken until all
transients had subsided. These values were then reported as the capture
coefficient. Calculation of the capture coefficients was done by the
method presented in Appendix F.
Other methods of measuring the gas flow time were considered. A
good method would have been to start with a bare surface and allow gas
to flow until some time, t
,
then stop and warm up the panel. Beginning
again with a bare surface, start the gas flow and continue to time t.,
where t. ^ t- . Continuing this process until the transients had sub-
sided would have produced the same curves as this work. This method was
not selected since nearly 24 hours are required to warm up the panel
prior to each experiment to insure a bare surface.
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4.2 Experimental Equations.
When equation (3.18) is substituted into (3.28) and solved for the
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The capture coefficient may be calculated from equation (3.28) and is




If P v> P , then the condensation coefficient is equal to the capture
e yy g'
coefficient.
Corrections must be applied to equation (4.1) due to design considera-
tions of the experimental apparatus. Ionization gages are calibrated with
nitrogen at ambient room temperature. Therefore a gage factor must be
applied for each gas tested other than nitrogen. Since
A^tT = (&.F.)AP,
where G.F. is the gage factor and the subscript "m" refers to the measured
pressure drop, then equation (4.1) becomes
£ = Q. T.AJl AP(G.F.)
2 ir r\ i*
RTa (4.2)
The thermal transpiration equation (3.8) must also be applied if the
calibration temperature is different from the temperature at the gage
site. During the experimental work, the nude gage in the inner volume
was inoperative and the ionization gage mounted in the wall of the outer
volume was used for all pressure measurements. Hence no thermal transpira-
tion correction was required. However since the outer gage was used, the
conductance effect must be considered. The equation for the relationship
27
(E.41)
between capture coefficient and conductance area is derived in Appendix
E and is repeated here for clarity.
J— = *?--/*A
where jO conductance area
f* capture coefficient measured without conductance





Since the partial pressure of the test gas could not be measured, condensa-
tion coefficients rather than capture coefficients were measured. Hence
in equation (4.3) the subscript "g" may be added and
£- IL + A (4.4)
where f is calculated from equation (4.2). A digital computer program
was written to perform the calculations and is included as Appendix G.
4.3 Experimental Measurements.
The parameters in equation (4.2) that must be measured in order to
calculate the condensation coefficient are: (a) the pressure drop, &P;
(b) the gas temperature in the chamber, T , and the temperature at the
controlled leak, T ; and (c) the throughput at the controlled leak, Q .
La Li
The remaining parameters are constants of the system or the gas under
investigation.
(a) Pressure Drop Measurement.
The pressure drop is essentially the most critical meas-
urement made in order to calculate the capture coefficient. A rigorous
treatment is included in Appendix E.
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The experimental equipment has two Bayard-Alpert ionization gages
installed, one nude within the radiation shielding, the other a conven-
tional glass envelope type mounted on the wall of the chamber. A cold
cathode trigger gage is also mounted on the chamber wall. With these
gages only the total chamber pressure may be measured, which is the sum
of the partial pressures of all the gases present. In the previous
analysis an assumption was made that only a pure condensable gas was leak-
ed into the system, and no consideration was given to inleakage through
the system walls and seals nor to out-gassing from system components on
the vacuum side. Hence other condensables and noncondensables will be
present in variable amounts, and the resulting pressure versus time curve
is shown in Figure 4. The partial pressure of the test gas can be measur-
ed with a mass spectrometer, but this equipment was not available.
In order to reduce the effects of other condensable and noncondens-
able gases, only high purity special research gases were used. The
assumption must therefore be made that all other gases are present in
negligible quantities as compared to the test gas.
(b) Gas Temperature.
In section 3, the derivations were based on the fundamental
Maxwell -Bo Itzmann velocity distribution. In order that this approach be
valid, the ratio of radiation shield wall surface to cryosurface must be
large so that the gas molecules will collide with the walls prior to
striking the cryopanel. Also the wall temperature must be maintained
constant and uniform. If these conditions are satisfied, the gas tempera-
ture T will be that of the radiation shields. Thermocouples were in-
g
stalled on the cryopanel, radiation shields and variable leak line to
record temperatures and are shown in Figure 5. An automatic digital
voltmeter - printer unit was used to monitor temperatures continually to
29
insure validity.
(c) Throughput at the Controlled Leak.
The flow rate was calculated by measuring the rate of
pressure rise in a known volume. A schematic is shown in Figure 6,
and the experimental procedure is discussed in detail in Appendix C.
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5. Discussion of Results
5.1 Experimental Results
Figures 7 through 13 are the results of the experiments to
determine the bare surface effect. Data for the curves are presented
in Tables I through VII. Most of the experimental work was done for a
gas temperature of 300°K and a cryopanel temperature of 19°K to 25 °K.
Only one successful experiment was made at a panel temperature of 82°K
and is shown in Figure 13 for carbon dioxide. Trouble was experienced
with inleakage around the o-rings when liquid nitrogen was used in the
cryopanel.
The results of the experiments at a 300°K gas temperature and 19°K
to 25°K cryopanel temperature are as follows:
(a) Nitrogen.
The bare surface effect was observed as shown in Figures
7 and 8 for both high and low flow rates. At the high flow rate the
transient occurred for only eight minutes, while at the low flow rate,
an initial transient occurred for four minutes, then took about 40
minutes at a constant positive slope to reach the steady state. Hence
it may be important in specific applications to allow for the transient
time before full pumping speed is available. Full pumping speed would
be available within eight minutes if nitrogen were the principle con-
stituent to be pumped at high flow rates.
(b) Carbon Dioxide.
The bare surface effect was not observed as shown in
Figures 9 and 10 for either flow rate. The experimental points had a
minimum of scatter and were essentially flat. Full pumping speed is




The bare surface effect was not observed as shown in
Figures 11 and 12 for either flow rate. At the higher flow rate very
little scatter was observed in the experimental points, while at the
lower flow rate extreme scatter was observed for the first 70 minutes.
However the next 57 minutes showed little scatter and the curve was es-
sentially flat. Again full pumping speed is available immediately if
argon is the principle constituent to be pumped.
The results of the carbon dioxide experiment at a 300°K
gas temperature and 82°K cryopanel is shown in Figure 13. The bare sur-
face effect was observed and the transient period was about seven minutes
Capture coefficients at the steady state for various flow
rates are presented in Tables VIII, IX and X. Values are representative
of those found by other investigators and a comparison will be made in
section 5.2.
One other possibility is apparent from the design of the
system that would preclude a bare surface prior to condensing a gas on
the cryopanel. Oil from either the diffusion pump or introduced with
impure test gas may deposit on the panel. All precautions were taken
in these experiments to exclude this possibility. Only high purity
test gas was used and the liquid nitrogen trap above the diffusion pump
was filled at all times. Also it has been observed that oil deposits
on a cryopanel will become visible and appear as a spectrum of light
as the condensed gas begins to change state upon warming the panel.
Observations were made after every experiment and no oil deposit effects
were seen.
It was also interesting to note that on warm up of the
cryopanel the visible condensed gases behaved differently. Argon tended
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to ripple and flake off in about one inch pieces. Nitrogen appeared to
become wet and slide off the panel to the bottom of the vacuum tank in
large pieces. Carbon dioxide sublimed at 194°K.
5.2 Comparison with Published Data.
The bare surface effect was first reported by Wang, Collins and
Haygood in 1962. Since that time various investigators have reported
the phenomenon for different gases at generally different conditions.
One group of investigators reported that the effect did not exist and
others, recognizing that the effect may exist, condensed the test gas on
the cryopanel until a coating was visible, prior to measuring the capture
coefficient. Table XI is a compilation of all known references to the
bare surface effect. All investigators observed the bare surface effect
unless otherwise specified.
For carbon dioxide at a gas temperature of 300°K and a 77°K cryo-
panel temperature, all investigators with the exception of reference (5)
observed the bare surface effect. Since flow rates were widely varied,
it is considered that throughput is not a parameter. When the panel
temperature was reduced to about 20°K the bare surface effect was not
observed. Hence it is considered that the panel temperature is a para-
meter influencing the bare surface effect.
Both argon and nitrogen confirm the above conclusion that through-
put is not a parameter. Argon did not show a bare surface effect while
nitrogen did. However the literature does show that for nitrogen at a
gas temperature of 79°K and an 18°K panel temperature the bare surface
effect was not observed, hence it may be considered that the gas tempera-
ture is not a parameter influencing the phenomenon. The bare surface
effect was also observed in hydrogen but no other experimental evidence
33
is available for comparison.
It is difficult to compare capture coefficients since many investi-
gators have not published enough basic data. In most cases, flow rates
are deleted, and cryopanel temperatures are usually listed at the tempera-
ture of the cryofluid used for cooling, not the actual surface tempera-
ture which may be greatly different. Also it was noted that in some
cases the capture coefficient value was arrived at by averaging many
experimental runs, when in reality conditions were different for each
run. Hence any comparison of published results must be done with care.
Therefore the values in Tables VIII, IX, and X are for specific flow
rates and at the steady state condition, after all transient effects
have died away in the cases where they were observed.
It may be observed from the tables that the capture coefficients of
the gases investigated are functions of flow rate, gas temperature and
cryopanel temperature. Enough data had not appeared in the literature
previously to see the effect of flow rate on capture coefficients.
Bevan (3) showed that nitrogen capture coefficients were dependent on
flow rate and the values from Table VIII confirm his work. The values
from Table IX for 300°K carbon dioxide at a 77 °K panel temperature have
been plotted in Figure 14 and also confirm the dependence of the capture
coefficients for this gas on flow rate. It is significant that the
values agree so well from three different investigators. The values from
Table X for this work show that the capture coefficients of argon are
dependent on flow rate. Hence it would be expected that all gases should
exhibit this characteristic and all capture coefficient values reported




Since the condensation coefficient was calculated in this work in
order to detect the bare surface effect, an analysis must be made to
judge the reliability of the results. The method of Kline and McClintock
(13) was used in that all variables were assumed to have a normal or
Gaussian distribution and the condensation coefficient was essentially a











where the x*s are variables.
From equation (4.2) with some rearrangement,
• y
f = CONSTANT- S YL Ife (6.2)
' As Tu A P
Hence six independent variables must be considered. Additionally the
variable j/S must be included from equation (4.4) for conductance ef-























The accepted values of the variables, their uncertainties and the Ajc
x
are listed in Table XII. V , A and p are all averages of several
measurements and the uncertainties were judged from differences in
measurements. The thermocouples were calibrated with ice and liquid
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nitgrogen junctions and the values substituted into a National Bureau
of Standards computer program (16). Voltages were reproducible within
ten microvolts at 20°K which gave an accuracy of about 2°K. The pres-
sure drop was measured with an ionization gage which has a 2% accuracy
as stated by the manufacturer. P , the pressure rise used to measure
Li
the flow rate, was measured with a thermocouple gage. The average dif-
ference found in the measurements was two parts in 21 yielding a frac-
tion of 0.095.
Substituting the values of A x from Table XII into equation (6.3)
x
and taking the square root yields
-^- = O. 118 < 6 - 4 >
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7. Conclusions.
The bare surface effect was observed with 300°K nitrogen on a 20°K
to 24°K cryopanel. The effect was not observed at the same conditions
with argon or carbon dioxide. The effect was observed with 300°K carbon
dioxide on an 82°K cryopanel. It is concluded that flow rate and gas
temperature are not parameters influencing the bare surface effect, but
the cryopanel temperature is a factor.
Capture coefficients are dependent upon flow rate, gas temperature
and cryopanel temperature. Up to this time flow rate has not been recog-
nized as an influence. Therefore published capture coefficients have
little value unless accompanied with flow rate data. Capture coeffi-
cients show significant differences in value from high to low flow rates.
The theoretical understanding of solid-gas interfaces has not pro-
gressed since the work of Lennard-Jones and Devonshire (15) in 1936 and
probably will not with present day knowledge of quantum mechanics. There-
fore to utilize our present design concepts, more empirical relations
must be developed from experimental data. It is hoped that the results
of this work will provide other investigators with a part of the neces-
sary knowledge to do so.
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FIGURE 15. Front View of System
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Table I. Experimental Data for Nitrogen with 24°K Panel
Flow Rate - 0.2042 torr liter/sec


















Table II. Experimental Data for Nitrogen with 20°K Panel
Flow Rate - 0.00383 torr liter/sec


























Table III. Experimental Data for Carbon Dioxide with 24°K Panel
Flow Rate - 0.219 torr liter/sec


















Table IV. Experimental Data for Carbon Dioxide with 19°K Panel
Flow Rate - 0.00356 torr liter/sec

























Table V. Experimental Data for Argon with 25°K Panel
Flow Rate = 0.1236 torr liter/sec





















Table VI. Experimental Data for Argon with 19°K Panel





























Gas Flow Capture Gas Flow




























Table VII. Experimental Data for Carbon Dioxide with 82°K Panel
Flow Rate « 0.226 torr liter/sec







Tab le VIII Reported Capture Coefficients of Nitroj»en
Gas Cryosurface Flow Rate Capture Reference
Temperature Temperature in torr liter Coe fficient
in °K in ° K per second
300 10 Not Reported 0.66 8
300 20 Not Reported 0.61 8
300 20 Not Reported 0.60 9
294 33 Variable 0.65 18
300 25 0.00226 0.62 3
298 20 0.00383 0.63 This Work
300 25 0.22 0.42 3
299 24 0.2042 0.52 This Work
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Table IX. Reported Capture Coefficients of Carbon Dioxide
Gas Cryosurface Flow rate Capture Reference
Temperature Temperature in torr liter Coefficient
in °K in °K per second
300 10 Not Reported 0.77 8
300 10 Not Reported 0.75 9
300 < 20 Not Reported 0.62 8
300 20 Not Reported 0.63 9
300 20 Not Reported 0.64 7
297 19 0.00356 0.65 This Work
294 24 0.219 0.39 This Work
300 86 Variable 0.58 18
300 77 Not Reported 0.63 9
300 77 Not Reported 0.62 4
300 77 0.084 0.63* 1
300 77 0.0798 0.60 20
297 82 0.226 0.51 This Work
300 77 0.399 0.42 20
300 77 0.1975 0.51* 1
Corrected
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Table X. Reported Capture Coefficients of Argon
Gas Cryosurface Flow Rate Capture Reference
Temperature Temperature in torr liter Coefficient
in °K in °K per second
300 10 Not Reported 0.68 8
300 20 Not Reported 0.65 8
300 20 Not Reported 0.66 9
297 19 0.00332 0.68 This Work
297 25 0.1236 0.25 This Work
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297 82 Q = 0.226 torr liter sec" *
co
2
294 24 Q - 0.219 torr liter sec" *






= 0.00356 torr liter sec"
1
*
No observed bare surface
effect
Flow rate not applicable 17
due to experimental method
Q 0.2042 torr liter sec" *
Q_ = 0.00383 torr liter sec" *
Li
Flow rate not specified 6
Q - 0.1236 torr liter sec" *
No observed bare surface
effect
A 297 19 Q = 0.00332 torr liter sec" 1 *
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TABLE XIII* COEFFICIENTS OF SYSTEM EQUATIONS
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APPENDIX A
General Description of the System
The system described here was built and modified by several in-
vestigators (1,3,14,18). Photographs and schematics are included as
Figures 2, 15, 16, and 17.
(a) Main Vacuum Chamber.
The vacuum chamber is a modified 40 inch diameter vacuum
furnace manufactured by National Research Corporation. The modification
was done by LaChance and is described in detail in his work (14). The
chamber volume is 994 liters.
(b) Radiation Shielding.
The radiation shield is a 33 inch diameter, 36 inch long,
type 304 stainless steel cylindrical shell with two 36 inch diameter end
shields. They are singly embossed on the outer surface with fill and
vent lines rising through a flange at the top of the chamber. All the
shields were manufactured by Dean Products, Inc., Brooklyn, New York.
The volumetric capacity of the entire shield is 33 liters and requires
about 65 liters for an initial fill of liquid nitrogen.
(c) Cryopanel.
The cryopanel was manufactured by Dean Products, Inc., and
consists of two 12 inch by 20 inch type 304 stainless steel sheets weld-
ed at the edges. One side is embossed and the panel is electro-polished.
A drawing is shown in Figure 17.
(d) Vacuum Pumping System.
A six inch, four stage, fractionating diffusion pump
capable of pumping 1500 liters/sec and with a blank off pressure of
10 ' torr was used to pump down the chamber. Dow Corning 704 fluid
was used. This pump was backed by an NRC 100 CFM, single stage
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mechanical pump with a blank off pressure of 10 to 15 microns. A
liquid nitrogen trap was installed above the diffusion pump with an
automatic fill system.
(e) Instrumentation.
Pressure measurements were made with Vacuum Electronics
-3
Corporation thermocouple gages down to 10 torr, and with Bayard-Alpert
ionization gages and a General Electric cold cathode trigger gage below
-3
10 " torr. The G. E. gage and one glass envelope Bayard-Alpert gage was
installed in the chamber wall, while a nude Bayard-Alpert gage was in-
stalled within the shielded volume.
Temperature measurements were made with teflon-insulated,
24 gage copper-constantan thermocouples installed on the cryopanel and
shields. A schematic of the thermocouple locations is shown in Figure
5. A National Bureau of Standards computer program was used to cali-
brate the thermocouples (16). The thermocouple output was connected to
a differential amplifier, then to a digital volt-meter with automatic
printer for convenience.
All electrical controls are located in a desk top panel
as shown in Figure 15. The system is arranged so that a high chamber
pressure or a power failure will secure power to the diffusion pump and
isolate the chamber by shutting the high vacuum and foreline valves.




Cryogenic Fluid Transfer System
A schematic of the cryogenic fluid transfer system is shown in
Figure 18. The cold helium gas is transferred to the cryopanel through
vacuum jacketed transfer lines designed and built by Tedeschi (18). The
helium refrigerator was manufactured by A. D. Little.
Liquid nitrogen is transferred to the radiation shields and dif-
fusion pump trap through 3/8 inch nylon lines insulated with 3/4 inch
thick foam rubber Armaflex tubing. A manifold with Jamesbury cryogenic
valves provides for separate filling and flow rate control to each shield
section and the diffusion pump trap. A 172 liter dewar flask pressurized




Gas Addition and Flow Measurement System
The system used for controlling and measuring the flow of test gas
is shown schematically in Figure 6. An indirect method was used in
order to measure the flow rate with the required accuracy. The proce-
dure was to evacuate a known volume and measure the rate of pressure
rise in that volume. A variable leak valve was used to set the flow
rate at an approximate value indicated on the counter. The pressure
rise was recorded from a thermocouple gage and the flow rate then cal-
culated from
Q u=pv (c.i)
In each case a background leakage pressure rise was determined and sub-
tracted from P.
The system was arranged as follows to measure the flow rate.
(a) Valves #2 and #3 are shut.
(b) Valve #1 is opened and the variable leak valve set to
any desired value.
(c) The high vacuum valve for the auxiliary system is shut,
and the rate of pressure rise in the auxiliary volume is measured.
(d) The flow of gas is secured with the gas isolation valve
and the auxiliary volume and associated piping are pumped down with the
auxiliary pumping system. The variable leak valve must be kept at the
value set in (b) above.
(e) Valve #1 is then shut and valve #3 opened. The gas flow
is re-established by opening the gas isolation valve and flow is now




I. Vacuum System (Figure 2)
A. Initial pumpdown from atmospheric pressure.
1. Check the oil level in the bearing lubricating caps and
the pumping chamber of the forepump. Turn on the forepump cooling
water. The water is thermostatically controlled at the pump and will
not flow unless the pump temperature reaches 180°F.
2. Close disconnect and breakers for forepump, solenoids,
and diffusion pump.
3. Open valves for air supply to solenoid valves. Insure
air pressure of 90 psig is available.
4. Check that all vent valves, doors and ports are shut.
5. Place overpressure switch on "Out".
6. Energize the solenoids and open the high vacuum valve
and the foreline valve. Open the roughing valve manually.
7. Insure quick acting gas addition valve is shut. (Figure 6)
8. Start the forepump and monitor chamber pressure on chamber
thermocouple pressure gage.
9. Turn on cooling water to the diffusion pump and cold cap.
Insure quick cool valve is shut.
10. When pressure in the tank reaches 70 microns, energize
the diffusion pump heaters. The pump requires about 20 minutes to be-
come operational. Monitor the foreline pressure with the foreline
thermocouple pressure gage. Initiation of pumping is indicated by a
temporary rise in foreline pressure and a rapid decrease in chamber
pressure.
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11. When the diffusion pump is in operation, shut the roughing
valve to prevent backs treaming of forepump oil into the chamber.
12. When the pressure is below 1 micron, energize the ioniza-
tion gage and monitor tank pressure. Operation is outlined in the
manual for the gage controller.
-4
13. When pressure is below 10 torr, fill the diffusion pump
cryogenic trap to reduce backstreaming of diffusion pump oil,
14. When leaving system unattended, place overpressure pro-
tection switch on "In".
B. To open the chamber.
1. Shut the high vacuum valve.
2. Open the chamber vent valve.
3. Keep the forepump and diffusion pump operating.
4. When the pressure is equalized, open the chamber.
C. To re-evacuate the chamber.
1. Shut the chamber vent valve.
2. Shut the foreline valve.
3. Open the roughing valve.
4. When the chamber pressure is less than 70 microns, shut
the roughing valve, open the foreline valve, open the high vacuum valve.
If the chamber is to be open for only a short period of
time, the use of dry nitrogen gas to bring the chamber to atmospheric
pressure will considerably reduce the subsequent pumpdown time.
D. To shut the system down completely.
1. Shut the high vacuum valve.
2. De-energize the diffusion pump heaters and turn on the
quick cool water.
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3. When the diffusion pump is cool, shut the foreline valve
and secure the forepump.
4. Open the chamber vent valve and the foreline vent valve
to equalize the pressure and then shut these valves.
5. Secure all cooling water.
6. Secure all electrical power.
II. Cryogenic Transfer System.
A. Liquid nitrogen transfer.
1. Connect liquid nitrogen dewar to cryogenic line with
rubber tubing.
2. Pressurize dewar to 8 psig with helium.
3. Energize diffusion pump trap automatic level control valve,
4. Insure Armaflex connection fits tightly around supply
lines to shields.
5. Open transfer valves and observe exhaust.
6. Monitor thermocouples to check liquid level in the shields
7. When shields are approximately half full, reduce flow by
partially shutting transfer valves. This will help to prevent geysering
from the vent lines.
8. It will be necessary to maintain flow to the shields to
replace evaporation losses and maintain uniform temperatures.
B. Helium transfer.
1. Pump vacuum jackets on transfer lines to approximately
15 microns.
2. Start and cool down helium refrigerator.
3. When refrigerator is cool, start the gas transfer.
4. Monitor panel temperature with thermocouples.
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III. Flow measurement system (Figure 6).
1. Open valves #1, #2, quick-acting valve and auxiliary system
high vacuum valve.
2. Shut valve #3 and the variable leak valve.
3. Open the gas isolation valve.
4. With auxiliary pumping system pumping on the auxiliary volume,
use the variable leak valve to set the desired pressure in the auxiliary
volume
.
To measure flow by measuring the rate of pressure rise in the
auxiliary volume.
1. Insure gas isolation valve and quick-acting valve are shut.
2. Open valves #1, #2, #3. Open the variable leak valve to the
fully open position.
3. Pump down with the auxiliary pumping system.
4. Shut valves #2 and #3.
5. Set variable leak valve to desired setting.
6. Shut auxiliary system high vacuum valve.
7. Open the gas isolation valve and record P versus t.
8. Shut gas isolation valve, open auxiliary system high vacuum
valve and pump auxiliary system down as far as possible.
9. Shut valve #1, open valve #3 and the quick-acting valve.
10. Open the gas isolation valve.
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APPENDIX E
Model Analysis of Z\P
In order to ensure that the measured pressure drop is in fact the
pressure drop derived in equation (4.1), a model was proposed and analyzed
by Tedeschi in 1966, and improved by Bevan in 1967 (18,3). The complete
analysis is included here since it is deemed so important to the experi-
mental method of determining capture coefficients.
The system consists of a chamber in which is mounted a cylindrical
radiation shield, two circular disk end shields and a gas addition sys-
tem. The actual system is described in Appendix A. The model as shown
in Figure 19 consists of three volumes. The chamber is divided into an
inner volume V. and an outer volume V by the radiation shielding,
l o
Conductance between the two volumes consists of two circular viewing
ports in the end shields and a clearance between the end shields and
the cylindrical shield. The gas addition volume V consists of tubing
B
leading the gas from the controlled leak supply to the inner volume.
Referring to Figure 19, the volumes, temperatures and molecular flow
rates that must be considered are:
V - Volume of piping between gas injection stop valve and
B
chamber
V. - Volume of the chamber inside the radiation shielding
V - Volume between the shielding and the tank wall
T - Mean temperature of tank wall and the radiation shield-
ing
T - Temperature of the wall of the piping containing V
a a
T - Temperature of the gas in V
TT - Temperature of the gas admitted to VL a
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N - Molecules/sec of controlled gas entering lines to the
chamber
N . - Molecules/sec of controlled gas entering the inner volume
V. from V
1 a
N - Molecules/sec of condensable gas captured by the cryosurface
C
•
N. - Molecules/sec of gas entering the outer volume V from
10 o
N - Molecules/sec of condensable gas pumped by the diffusion
pump and the cryogenic trap
• » *
N , N ., N - Molecules/sec of residual condensable gas from
ra ri ro °
leakage into the chamber and outgassing of materials with-
in the chamber
N - Summation of all gas fluxes into V.





N - Summation of all gas fluxes into V
3. 3
Expression for each of the molecular flow rates are developed in
terms of measurable quantities as follows:
(1) if., N , HP
l o a






The gases all occupy the same constant volumes. As will be seen
















The flow of controlled gas is
_ / «fA/ m J*' JL avi
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where P and T are the pressure and temperature at the inlet to the
L L
gas addition piping and are constant so that
(E.4)
* *
(3) N ,, N.
ai 10
From kinetic theory, the number of molecules incident
on a surface per unit time is
/V = PA(2t»,4T)1 (3.7)
Then





/fc( Ztt >» 4
and A . is the area through which the gas flows as it travels from V
ai a
to V . Similarly,
K. = C. /? £/TT /X (E.6)
<*) "
e
The expression for the flow to the cryopanel is given
by equation (3.24).
K- A*.{ZTT >n *.)>* (3.24)
(5) ND
The volumetric pumping speed of a diffusion pump can be
considered constant over the pressure range of interest here. The pump-
ing speed curve for the pump employed in this system is shown in Figure
20. Since pressure change has no effect on the pumping speed,
N. = PIT V. (E.7)
If, as in this system, the diffusion pump is used with a cryogenic trap,
the limited conductance of the trap will reduce V and
M - °< Vc p. (E.8)
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where ©< is an efficiency factor.
(6) N
r
After exposure to atmospheric air for several hours, the
amount of gas readily available for desorption from a surface at room
temperature amounts to many molecular layers. Although the outgassing
rate of a material is time dependent, after exposure to vacuum for
considerable periods, the variation with time is small. For example,
Dayton (10) shows that after ten hours of vacuum pumping, the outgassing
-8 2
rate for a stainless steel surface is 1 x 10 torr liter/sec-cm and is
decreasing very slowly. Since the time required for measurements is
small, the outgassing rate will be considered constant.
a/ - ! 4 PVT = -^- <M>
where Q is the outgassing rate from a given surface.
The diffusion of a gas through metal is proportional to the square
root of the pressure. The rate of diffusion is small and the pressure
changes in the system are very small. The leakage rate is therefore
considered constant and will be included in the term for outgassing.
Measurements of the combined effects of outgassing and leakage in this
system at room temperature indicated that these effects were constant




The following equations result from molecular rate balances on the
three volumes shown in Figure 19.
A/i = Nfl + AL - N. - A7S . (E.13)
N. - A/u + A/,. - N (E.14)
/VR = A/. + AL - A/»i (E.15)
Substitution of the expressions developed for the terms in these
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By defining constants as in Table XIII, the equations above can be
expressed as
P = A +a.R + «*£- A* 4- A* 4- a R (E.19)
/? = B + «< /? - A 7 4- * 8 /? (E.20)
£ - C + D + «f /? - «* & (E.21)
These are the equations which describe the system. They have been
solved on an analog computer by Tedeschi (18) , and curves similar to that
shown in Figure 3 have been obtained. Reference to Figure 3 and to equa-
tions (E.19), (E.20) and (E.21) yield the following solutions for steady
state operations between times t. and t~.




-h —a*— /?(i) (e-23)
W-'^^P-^-fe « CD (E.24)
At time t_, the diffusion pump is isolated from the system and
therefore, a_ * °< V^/V = 0, and the equilibrium solutions are:
7 D o
P(TT\ = <3..oa-ftA + a.,fl,a B+ ^di (C+ D) (E 25)
£ Or)-
-Ir + -Si- Ft (ri <E - 26 >
/?W- "^f2- + -It Pan) <*•">
At time t~, the gas inflow is abruptly halted and therefore, D
QT T /V_T_ = 0. The equilibrium solutions are:La L L
P(Ur)= **&Jk±M*l£ B + **.*»C (E# 28)
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/?<)- Aft AtAft f?W (E.29)
(E.30)
The pressure drop in the inner volume is then
** a* D/?w-/?w- ^„(^ a</a;)- a^ , a „- atata
,
«•»>









This is the same expression as equation (4.1) when it is considered
that:
T is the temperature of the gas in the inner volume and is
i
therefore equal to T .
g
P. (II) is the equilibrium pressure with gas flow being
admitted to the chamber and is therefore equal to P .
e
P. (Ill) is the equilibrium pressure with no gas flow to the
chamber and is therefore equal to P .
g
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AP = P,(II) - P., (Ill) = P - P
i i e g
The experimentally observed pressure drop is therefore the same as
that predicted by the theory providing the assumptions mentioned pre-
viously are valid and provided that the experimental pressure drop is
measured in the inner volume V..
1
If the experimental pressure is measured in V , then the equations
for the system predict
/?(!) - />()- -*£- [pjK) - Pt (m)] (E.33)
Substitution of the constants results in
Pa (K)- R(pt) = /_Tj_ [f?(i) - RCnr)] (E.34)
which indicates that an application of the thermal transpiration effect
is all that is required to relate the pressure drop measured in the
outer volume to the pressure drop measured in the inner volume. The
measurement of the pressure drop in the outer volume however, may not
accurately reflect the rate of incidence of molecules on the cryosurface.
If the conductance between the inner and outer volumes is not large, this
conductance may have a significant effect on the measurement of the
capture coefficient.
If the two volumes are considered connected by a conductance of
area fl , with the gas inflow into V. as shown in Figure 21, the effect
of the conductance may be determined in the following manner.
At steady state,
91
tk B VI = £ A B (E .35)
f?TL (z.tt,»*.TL)*
and
l^ 3 Pi. m /AR ,E 361(ir»4T,)4 (zv'ZtT^ Uir^itt) 1*
Solution of both equations for P and a subtraction yields,
e-A|^(^lT.)^-^^-(z^*.r.f (, 37)




/2S-- ^^ = -^ <E - 38 >
and solving for the capture coefficient
^
=
m/s!-ar^ (E ' 39>
If f* is the capture coefficient measured without any conductance effects,
then equation (3.18) can be expressed as
r* Qu/ - A 5 P <«•*»
The ratio of these two capture coefficients is
(E.41)
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so that unless the product of the cryosurface area and the capture co-
efficient without conductance (f*) is small compared to the conductance
area, the effect cannot be ignored. In order to eliminate the effect of
limited conductance, it is desirable to measure the pressure in the






Flow rate, Q , was determined from equation (C.l)
Li
:Q~= PV
where V 4.35 liters
The condensation coefficient f was determined from equation (4.2)
/ = t^ji
^ A S TL &P(G.F.)
Rearranging terms and substituting in system constants yields
/ = 8.3 5" x 10* Q±.APfe.F.)
where required units are:
Q in torr liter/sec




0.73 for carbon dioxide
0.84 for argon
3. The condensation coefficient corrected for conductance was deter-




where p 7780 cm
4. Sample calculation from the high flow rate carbon dioxide experi-
ment. (Figure 9, Table III).
P 50.4 /« /sec
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V = 4.35 liter
T - 293. 5°K
g
M = 44
TT - 294. 8°K
AP = 20.343 x 10" 6 torr
G.F. = 0.73
t = 65.4 sec =1.09 min
T 24°K
Qu- PV




= 8.3 S* io
s O.Zl9to» uteir/sec.
=T












Computer Program for Data Reduction
THIS PROGkAM CALCULATES THE CAPTURE COEFFICIENT CORRECTED
FUR CONDUCTANCE EFFECTS
IMPLICIT Rh AL*H A-H) ,REAL*8(0-Z )
DIMENSION T IVE UOO) ,FG( 100) ,FSTAR( 100) ,TG( 100)
,
1 TL ( 1UC ) ,DELTAP( 100)
READ THE FOLLOWING INPUTS
N0=NUM6ER uF DATA POINTS IN EXPERIMENT
W=FLGW KATc IN TORR LITER/SEC
FORM=FURMULA WEIGHT
GF=GAGE FAcTOR
10 READ (5»11) \>.,v,(-ORM,GF
I 1 FORMAT (lILO,3flu.O)
IF (NO- 2) 101 i ICOt 101
lul CONTINUE
JO 13 1=1, NO
READ THE FOLLOWING INPUTS
UFLTAP=PRESSURE DROP IN TORR TIMES 10 +6 POWER
TIME=TIME IN SECONDS
TG=GAS TEMPERATURE IN DFGREES K
TL=LEAK TEMPERATURE IN DEGREES K








14 FORMmT ( lhl )
600 rfRITE (6,601)
601 FORMAT (/,/ ,10X ,9HFL0W RATE,/)
6.2 *RITE(6,60J) (j
603 FGRMAT( 10X,F°. 7)
534 *RITE(6,605)
0j5 FGRMAT(/,/,12X,t>HCAPC0,l8X,4HTIME,/)
oJo 00 611 1=1, NO
650 OELTAPU )=DELTAP( 1 )*l.D-6
c51 TIMh( I)=TlMt< I )/60.
CALCULATE CAPTURE COEFFICIENT MEASURED WITH CONDUCTANCE
60 7 FGl h = (b.35L>-5)*(Q/<DELTAP< I )*GF) )*( (DSQRT(TG( I)
INFORM) )/TL( I ) )
CALCULATE CAPTURE COEFFICIENT MEASURED WITHOUT CONDUCTANCE
6 08 FSTAPU ) = 1 . / ( ( 1 . /F G ( I ) ) +0 . 42 5
)
6CV WRITE (6,61c) F STAR ( I ) • TI ME ( I )
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